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Hyperparallel quantum information processing outperforms its traditional parallel one in terms of channel ca-
pacity, low loss rate, and processing speed. We present a way for implementing a robust hyper-parallel optical
controlled-phase-flip gate through microcavities. The gate acts on polarization and spatial degrees of freedom
(DOFs) simultaneously, and the incomplete and undesired interactions between photons and quantum dots are
prevented. Interestingly, the unity fidelity of the gate can be achieved in principle, and the success of the gate is
heralded by the single-photon detectors.
Precise manipulations of quantum states are very necessary for quantum information
processing (QIP) tasks, and they can be achieved by employing quantum gates. Universal
controlled-NOT (CNOT) gates or the equivalent controlled-phase-flip (CPF) gates1) are a
promising and flourishing area of research filed, that because CNOT (CPF) gates are essential
for various QIP protocols. Considerable theoretical and experimental progresses have been
made on CNOT (CPF) gates.2–13) Ion-trap CNOTs,5) nuclear magnetic resonance CNOTs,6)
photon-atom CNOTs,7,8) optical CNOTs,9–12) and neutral atom CNOTs13) have been demon-
strated in experiments recently.
Hyperparallel (hyper-) QIP, different from the traditional parallel QIP that is operated on
only one degree of freedom (DOF), is simultaneously performed on multiple qubit-like inde-
pendent DOFs. Notably, QIP with multiple DOFs has been shown advantages in high capacity,
low loss rate, less quantum resources, and loss decoherence characters. For example, different
from polarization photons, the frequency, spatial, and time-bin photons are immune to the
decoherence effects and the bit-flip errors in optical fibers. Moreover, hyperentangled states
can be used to complete some tasks which are impossible to achieve with the single DOF, such
as entanglement witness,14) linear-optical Bell-state analysis,15) and one-way quantum com-
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puting.16) Currently, hyperentangled cat states,17) complete hyperentangled Bell-states and
hyperentangled Greenberger-Horne-Zeilinger states analysis,18,19) hyperentanglement purifi-
cation20) and concentration,21) hyper-repeater,22,23) and hyper-transistor,24) and hyper-CNOT
and hyper-Toffoli gates25–28) have been proposed.
Photons have been widely recognized as promising natural candidates for hyper-QIPs
owing to their multiple independent qubit-like DOFs, low decoherence, flexible single-qubit
manipulation, and high-speed transmission. Unfortunately, scalability is prohibited in one-
photon multi-qubit QIP,29) and interactions between individual photons are necessary for
scalable QIPs. So far, only probabilistic gates can be achieved by using single-photon sources
and linear optical elements.2) Interestingly, deterministic multi-photon QIP can be achieved by
employing cavity quantum electrodynamicswith atoms4) and artificial atoms (such as quantum
dot (QD),30) Josephson junction,31) nitrogen-vacancy color centers in diamond32,33)), or by
employing cross-Kerr3) in principle. Realizing a giant natural cross-Kerr phase shift is still a
challenge with current technology.34) The fast manipulation and readout of neutral atoms are
now not established in experiment.35)
In this paper, we design a compact quantum circuit for implementing the robust
and heralded hyper-CPF gate assisted by QD-cavity systems. A single electron charged
GaAs/Al(Ga)As QD located in the center of a micropillar cavity with asymmetric distributed
Bragg reflectors36) is considered. As shown in Fig. 1, a controllable negatively charged ex-
citon (X−) can be created by injecting an excess electron into the QD. The spin-dependence
transitions of the X− are strictly governed by pauli’s exclusion principle and conservation of
angular momentum. In detail, the transition | ↑〉 → | ↑↓⇑〉 (| ↓〉 → | ↓↑⇓〉) is only driven by the
left- (right-) handed circularly polarized photon |L〉 (|R〉). | ↑〉 and | ↓〉 are the electron-spin
states with Jz = ±1/2, respectively. | ⇑〉 and | ⇓〉 are the heavy-hole states with Jz = ±3/2,
respectively. The other transitions are forbidden.37)
According to the quantum mechanic principle, the interaction processes between cavity-
QD systems and circularly polarized photons could be described by Heisenberg equations for
the cavity field operator aˆ and dipole operator σˆ−38)
daˆ
dt
= −
[
i(ωc − ω) + κ2 +
κs
2
]
aˆ − g σˆ− −
√
κ aˆin + Rˆ,
dσˆ−
dt
= −
[
i(ωX− − ω) + γ2
]
σˆ− − g σˆz aˆ + Nˆ,
(1)
where ωX− , ωc and ω are the frequencies of the X−, the cavity mode, and the incident single
photon, respectively. g is the X−-cavity coupling strength. γ/2 and κ/2 are the decay rates of
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Fig. 1. The graphic of photon-QD interactions. (a) A negatively charged exciton X− confined into the
single-sided microcavity. (b) The spin-dependence optical transition rules.
the X− and the cavitymode, respectively. κs/2 is the side leakage rate of the cavitymode. Rˆ and
Nˆ are the noise operations related to reservoirs, which can preserve the desired commutation
relations.
Considering weak-exciting, and combing the Heisenberg equation and the input-output
relation aˆout = aˆin +
√
κaˆ, one can get the reflection coefficient of cavity36,39)
r(ω) = 1 − κ
[
i(ωX− − ω) + γ2
][
i(ωX− − ω) + γ2
] [
i(ωc − ω) + κ2 + κs2
]
+ g2
. (2)
Such platform can be served as an emitter
|F〉|+〉 QD−−→ 1
2
((r0 − rh)|S〉|−〉) + (r0 + rh)|F〉|+〉),
|F〉|−〉 QD−−→ 1
2
((r0 − rh)|S〉|+〉 + (r0 + rh)|F〉|−〉),
|S〉|+〉 QD−−→ 1
2
((r0 − rh)|F〉|−〉 + (r0 + rh)|S〉|+〉),
|S〉|−〉 QD−−→ 1
2
((r0 − rh)|F〉|+〉 + (r0 + rh)|S〉|−〉).
(3)
Here, r0 and rh are the reflection coefficients in the cold cavity (g = 0, i.e., QD does not
couple to the cavity) and hot cavity (g , 0, i.e., QD couples to the cavity), respectively.
|F〉 = 1√
2
(|R〉 + |L〉), |S〉 = 1√
2
(|R〉 − |L〉), and |±〉 = 1√
2
(| ↑〉 ± | ↓〉). However, the incomplete
(error) photon-QD interaction is inevitable in experiments. If the incomplete photon-QD
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interaction with the probability 1 − p2 is taken into account, Eq. (3) will be changed as
|F〉|+〉 QD−−→ c |S〉|−〉 + f |F〉|+〉,
|F〉|−〉 QD−−→ c |S〉|+〉 + f |F〉|−〉,
|S〉|+〉 QD−−→ c |F〉|−〉 + f |S〉|+〉,
|S〉|−〉 QD−−→ c |F〉|+〉 + f |S〉|−〉.
(4)
Here, the complete photon-QD interaction coefficient p ∈ (0, 1], c = p2 (r0 − rh) and f =
p
2 (r0 + rh) +
√
1 − p2.
Based on the emitter described by Eq. (4), we propose a protocol for implementing a
robust-fidelity hyper-CPF gate (see Fig. 2). Notably, the CPF gate and the CNOT gate with
control qubit “c” and target qubit “t” are equivalent up to the local Hadamard operations
performed on the target qubit. Suppose the control photon c, the target photon t, and two
solid-state mediates QD1 and QD2 are initially prepared into the normalization states
|ϕc〉 = (α1 |F〉 + α2 |S〉) ⊗ (β1 |a1〉 + β2 |a2〉),
|ϕt〉 = (λ1 |F〉 + λ2 |S〉) ⊗ ($1 |b1〉 +$2 |b2〉),
|ϕ1〉 = |+1〉, |ϕ2〉 = |+2〉.
(5)
Here, |a1〉 (|b1〉) and |a2〉 (|b2〉) are the two spatial DOFs of the first (second) photons,
respectively. |+1〉 and |+2〉 denote the states of QD1 and QD2, respectively.
Firstly, as shown in Fig. 2, the control photon c in a1 and a2 passes through polarizing
beam splitter (PBS1 and PBS3) oriented in the FS-basis, respectively. Next, the F-polarized
components in spatial mode a11 (a22) pass through WFC1 (WFC2), and the S-polarized
components in spatial mode a12 (a21) interact with QD1 and HWP1 (QD1). Above operations
(PBS1 → QD1 → HWP1,WFC1 and PBS3 → QD1,WFC2) transform the composite system
from |ψ0〉 = |ϕc〉 ⊗ |ϕt〉 ⊗ |ϕ1〉 ⊗ |ϕ2〉 into
|ψ1〉 =(cα1β1 |F〉|a11〉|+1〉 + cα1β2 |F〉|a22〉|+1〉
+ cα2β1 |S〉|a12〉|−1〉 + f α2β1 |F〉|a12〉|+1〉
+ cα2β2 |F〉|a21〉|−1〉 + f α2β2 |S〉|a21〉|+1〉) ⊗ |ϕt〉 ⊗ |ϕ2〉.
(6)
Here and henceforth, half-wave plate, HWP, is rotated at 0◦ to perform the qubit-flip transfor-
mation |F〉 HWP←→ |S〉. Wave-form corrector (WFC) completes the operations |F〉 WFC−−−→ c |F〉
and |S〉 WFC−−−→ c |S〉, and it can be achieved by employing an unbalanced beam splitter40) or
employing quarter-wave plates, HWPs, and PBSs.41)
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Fig. 2. A schematic setup for implementing a robust-fidelity hyper-CPF gate. PBS is a polarization beam
splitter oriented in the {F, S} basis to transmit the F-polarized photon and reflect the S-polarized photon,
respectively. HWP is a half-wave plate rotated at 0◦ to perform transformation |F〉 HWP←→ |S〉. Wave-form
corrector (WFC) completes |F〉 WFC−→ c |F〉 and |S〉 WFC−→ c |S〉 with c = p2 (r0 − rh). Di (i=1, 2, 3) are
single-photon detectors. “•” indicates a circulator.
Secondly, the wave-packets emitted from spatial modes a11 and a12 mix at PBS2 and
then are followed by WFC3. The wave-packets emitted from a21 are split by PBS4, and then
undergo QD2 and PBS5 in succession. The wave-packets emitted from a22 interact with QD2,
HWP2 and PBS5 in succession. These operations induce |ψ1〉 to become
|ψ2〉 =(ccα1β1 |F〉|a1〉|+1〉|+2〉 + ccα1β2 |F〉|a2〉|+1〉|−2〉
+ c f α1β2 |S〉|aD3〉|+1〉|+2〉 + ccα2β1 |S〉|a1〉|−1〉|+2〉
+ f α2β1 |F〉|aD1〉|+1〉|+2〉 + ccα2β2 |S〉|a2〉|−1〉|−2〉
+ c f α2β2 |F〉|aD3〉|−1〉|+2〉 + f α2β2 |S〉|aD2〉|+1〉|+2〉) ⊗ |ϕt〉.
(7)
Based on Eqs. (4-7) and Fig. 2, we can see that the incomplete photon-QD interaction
components |F〉|aD1〉, |S〉|aD3〉, |F〉|aD3〉 and |S〉|aD2〉 are prevented (detected) by the single-
photon detectors.
Thirdly, we apply Hadamard operations Hes on QD1 and QD2, which can be characterized
by
| ↑〉 He←→ |+〉 = 1√
2
(| ↑〉 + | ↓〉), | ↓〉 He←→ |−〉 = 1√
2
(| ↑〉 − | ↓〉). (8)
Next, the target photon t is injected. After similar arguments as that made for the first
photon, when all the single-photon detectors are not clicked, the system collapses into the
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Table I. The classical feed-forward operations applied on the outing photons to complete the hyper-CPF
gate. Polarized-σz (spatial-σz) can be achieved by employing HWP rotated to 45◦ (phase shifter eipi).
Measurement Feed-forward
QD1 QD2 the photon c the photon t
|+1〉 |+2〉 none none
|+1〉 |−2〉 spatial-σz none
|−1〉 |+2〉 polarized-σz none
|−1〉 |−2〉 spatial-σz , polarized-σz none
state
|ψ3〉 =c4α1β1 |F〉|a1〉(λ1 |F〉 + λ2 |S〉)($1 |b1〉 +$2 |b2〉)| ↑1↑2〉
+ c4α1β2 |F〉|a2〉(λ1 |F〉 + λ2 |S〉)($1 |b1〉 −$2 |b2〉)| ↑1↓2〉
+ c4α2β1 |S〉|a1〉(λ1 |F〉 − λ2 |S〉)($1 |b1〉 +$2 |b2〉)| ↓1↑2〉
+ c4α2β2 |S〉|a2〉(λ1 |F〉 − λ2 |S〉)($1 |b1〉 −$2 |b2〉)| ↓1↓2〉.
(9)
Finally, the spins of the QD1 and QD2 are measured in the {|±〉} basis, and after some
classical feed-forward operations (see Table I) are performed on the first photon, the state of
the whole system becomes
|ψ4〉 =c4(α1λ1 |F〉|F〉 + α1λ2 |F〉|S〉 + α2λ1 |S〉|F〉 − α2λ2 |S〉|S〉)
⊗ (β1$1 |a1〉|b1〉 + β1$2 |a1〉|b2〉 + β2$1 |a2〉|b1〉 − β2$2 |a2〉|b2〉).
(10)
Note that the performance of the gate is characterized by the fidelity F = |〈ϕreal |ϕideal〉|,
where ϕreal and ϕideal are the normalization outcome states of the gate in realistic and ideal
environments, respectively. From Eq. (10), we see that the quantum circuit shown in Fig. 2
implemented a unity-fidelity hyper-CPF gate which performs CPF operations on the polariza-
tion and the spatial DOFs, simultaneously. The incomplete QD-photon interactions and the
undesired QD-cavity interactions are all prevented.
Next, we evaluate the efficiency η = nout/nin of the present scheme, where nout and nin are
the number of the output and input photons, respectively. Based on Eq. (10), the efficiency of
the present gate can be written as
η = c8 =
1
256
p8(r0 − rh)8. (11)
If ω = ωc = ωX− and γ = 0.1κ are taken in the practical QD-cavity parameters, Eq. (11)
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Fig. 3. (a) The efficiency of the robust-fidelity hyper-CPF gate based on experimental value κs  κ.42) (b)
The efficiency of the robust-fidelity hyper-CPF gate with p = 1 and experimental value γ = 0.1κ.
ω = ωc = ωX− is taken for (a) and (b).
yields
η =
65536g16p8κ8
(κs + κ)8(4g2 + 110 κ(κs + κ))8
. (12)
Figure 3(a) and 3(b) depict the efficiencies of the designed hyper-CPF gate as functions of
g/√κγ and p2, g/κ and κs/κ, respectively. In addition, the spatial mismatches between the
cavity and the incident photon, the qualities of QD spin state preparation, manipulation, and
readout, the imperfections in linear optical elements reduce the performance of our proposal.
The pillar microcavity with g/2κ + κs = 2.4, g = 80 µeV, 2κ + κs = 33 µeV, and Q = 7 × 104
has been experimentally achieved.42) Besides, g = 16 µeV, κ = 20.5 µeV, and Q = 65000
have been reported in micropillar with diameter d = 7.3 µm, recently.43)
In summary, by encoding the gate qubits in the polarization and the spatial states of
single-photons, we have proposed a robust hyper-parallel CPF gate with the help of the single-
trapped QD mediates. In the optical architecture, two individual single-photons are bridged
by QD, and the inevitable incomplete QD-photon interactions are prevented by single-photon
detectors. Interestingly, the unity-fidelity and high efficiency can be achieved in principle,
and the success of the gate is heralded by the single-photon detectors. The strong coupling
limitations and the auxiliary single-photons are not necessary in our scheme. The proposed
proposal is possible with the present technology and it can be used in robust hyper-parallel
quantum computing and quantum communication.
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